This study proposes an effective modeling method to simulate masticatory action. Based on computed tomography (CT) images, finite element (FE) models of human skull with two different occlusal relationships, such as class I and end-on class II are constructed. After applied loading and boundary conditions for masticatory simulation, FE analyses are performed considering linear material properties and geometrical effect. As a result, the relationships between the mandibular movement and occlusal force of both two models show similar tendency in range of human occlusal force. However, stress distributions are different due to changes of occlusal surface. In addition, an experiment is conducted using replica skull model for the validation. The experimental results show a good agreement with the analytical results.
Introduction
It is known that people's jawbone has been evolved smaller due to the change of diet. Space for teeth is insufficient so that patients suffered from bimaxillary prognathism or malocclusion have increased. For these patients, orthodontic is generally done after extraction of teeth to retain the teeth space. Extraction and rearrangement of teeth cause a change of occlusal surface, leading to interrupt normal mastication and stress propagation from teeth to skull. Therefore, related researches are needed to investigate difference of structural behaviors according to occlusal relationships of skull.
Analytical approaches can be powerful research tool in case that clinical test is difficult. Recently, in dentistry field, FEM is widely used to understand teeth and prosthesis, such as implant and brace from the structural perspective. Atac et al. [1] generate 3-dimensional FE models of a maxilla with rigid internal fixation, which is osteosynthesis and maxillo-mandibular fixation for bony stabilization. Posterior occlusal loads are simulated to investigate stress distribution at the rigid fixation. Kim et al. [2] construct partial jawbone models composed of maxilla, teeth and mandible using CT images. By applying various occlusal movements such as coronalapical, lingual-buccal and mesial-distal directions, mechanical behaviors of each case are evaluated. However, researches that generate full skull model and simulate masticatory action are relatively few. Among the few, Lee et al. [3] suggest FE modeling method for full skull based on CT images in their paper. FE models are generated considering various boundary and loading conditions to simulate masticatory action. The proper modeling method is chosen based on the validation with experimental results and applied to investigate structural behaviors of skull models with two different occlusal relationships, class I and full-cusp class II.
This study aims at comparing structural and mechanical behaviors between skulls with occlusions for class I and end-on class II during masticatory simulation. Occlusion for class I is normal occlusion, no extraction and no rearrangement, while occlusion for end-on class II is one of general occlusal relationships after orthodontic with extraction. Therefore, this comparison can be useful to predict structural problems after orthodontic and develop prosthetic devices.
Analytical Approach

Finite Element Modeling Method
In this section, modeling process and details of finite element are suggested. Total of 964 dicom files are obtained from CT (SOMATOMTM SENSATION, Siemens AG, Germany, 120kVp, 200ms, 0.75mm thickness) images of a 38 year old male skull with occlusion for class I. Using commercial software scan-IP (Simpleware Ltd, Exeter, United Kingdom), 3-dimensional solid model is constructed from the dicom files ( Figure 1 ). Considering skull anatomy chart, muscle, skin and gingiva are eliminated by filtering process. Therefore, skull, teeth, temporomandibular joint (TMJ) and periodontal ligament (PDL) are included in the model. By converting the solid model, FE model of skull with occlusion for class I is generated as illustrated in Figure 2 . 4-noded tetrahedral elements are used and the element has a degree of freedom in anterio-superior, axial and anterioposterior directions at each node. The size and number of elements are tabulated in Table 1 .
FE model of skull with occlusion for end-on class II is generated by modifying the skull model with occlusion for class I. To reflect occlusal relationship after orthodontic with extraction, right upper first premolar (No. 14) is removed, and then the neighboring teeth, i.e. second premolar (No. 15), first molar (No. 16) and second molar (No. 17), are moved forward by half of the space where the first premolar is eliminated. Elements of the same type are used as those used for the skull model with occlusion for class I. The size and number of elements are also tabulated in Table 1 . Figure 3 shows difference of teeth number and arrangement between skull model with occlusion for (a) class I and (b) end-on class II.
Material Properties, Loading and Boundary Conditions
This section includes how to prescribe material properties, loading and boundary conditions to the 3-dimensional FE models. Both two skull models consist of 4 parts; teeth, PDL, skull, and TMJ. Skull consists of cortical bone and cancellous bone. Each part is modeled with corresponding elastic modulus and Poisson's ratio referred to de Santis et al. [4] and Minch [5] . Santis et al. [4] suggest stress-strain relationship of dentine and compact bone in their study. The slopes of the stress-strain curves are almost linear. Therefore, linear elastic material behaviors are used as listed in Table 2 .
To simulate masticatory action, parametric studies for loading and boundary conditions are performed previously [3] . Figure 4 illustrates some examples of FE models having loading and fixed points at different locations. Case (a) is FE model applied load at middle point of mandible surface. Comparing with case (b), stress at mandible is too high, and it cannot propagate to teeth and cranium well. Case (c) is FE model fixed around bregma. It is inappropriate to see stress distribution of brain fundus, which is important part from the dentistry perspective. In addition, stress distribution in cranium is different to case (d). Considering these results, loading and boundary conditions used in cases (b) and (d) are determined to simulate masticatory action with high reasonability.
For loading, two points at mandible surface are selected considering location and driving direction of masseter muscle, which is the main muscle for mastication. Loading is prescribed in form of displacement control so that the points are moved up to 5mm into z-direction. It can be generally thought that mandible is rotated on condyles during mastication. However, considering driving direction of muscle, it is much reasonable that mandible is moved vertically in the case that distance between upper and lower teeth at their initial position is small like the skull models used in this study. Restraint conditions are prescribed around foramen magnum to prevent toppling the model during mandible movement. It is because this skull models do not have cervical vertebrae which supports and connects skull to body. Interfaces between teeth and PDL, PDL and cancellous bone, as well as cancellous bone and cortical bone are treated as perfect bond. In order to connect cranium to mandible, tied-contact formulation is added on the interfaces between TMJ and upper or lower condyles, respectively. Contact formulation with friction coefficient of 0.2 is included between upper and lower teeth. Linear geometrical analyses are performed using commercial software ABAQUS ver. 6.10-3 (Dassault Systèmes, Vélizy-Villacoublay, France). 
Analytical Results
In this section, skull models with occlusions for class I and end-on class II are compared, based on FE analytical results. Figure 5 represents relationships between the mandible movement and occlusal force. Sum of reaction forces around foramen magnum, the area applied boundary condition, is calculated as occlusal force since loading is prescribed in displacement control. As shown, occlusal force of the skull model with occlusion for endon class II is lower than that of the model with occlusion for class I before mandibular movement is about 0.5mm. It is predicted that upper and lower teeth cannot occlude ordinarily at early stage of mandibular movement, because occlusion for end-on class II is similar to malocclusion. However, after that, occlusal force occurred in the skull model with occlusion for end-on class II is slightly higher, and then occlusal force of both models are similar in the average range of human occlusal force, 250~350N. Figure 6 illustrates von Mises stress distribution of two skull models. It is captured at the same occlusal force level. In both models, stresses are propagated from occlusal surface to alveolar bone. However, aspects of their stress distributions are different. Stress in case (a) the skull with occlusion for class I is evenly distributed to maxilla and mandible, on the other hand, that in case (b) the skull with occlusion for end-on class II cannot be distributed to maxilla well. In addition, antisymmetric stress distribution is shown in case (b). It is because the model has different occlusal relationship in right and left sides. Thus, it is predicted that change of occlusal surface causes difference of stress distribution.
Validation
Experimental Method
This section explains experimental approaches used to validate the analytical studies. Based on the same CT images as FE model, skull specimen with occlusion for end-on class II is prefabricated. In general, FEA related to human body is validated with living-body or cadaver tests. However, there are many technical limitations to apply measuring device to human directly. It is also difficult to store living tissue, such as PDL and TMJ from cadaver so that material properties can be changed in process of time. Therefore, replica skull is made of the experimental materials referred to Choy et al. [6] and Cho et al. [7] . Photopolymer resin (TSR-821, E=2.5GPa, ν=0.3) is used to generate for teeth, skull, also silicone impression (Examix Fine, GC, E=1.0417MPa, ν=0.375) is used for PDL and TMJ. Since material properties used in the experiment are different from those of human body applied to the analyses, difference between elastic moduli is considered in section 3.2 for comparing experimental and analytical results. Figure 7 illustrates experimental setup. The skull specimen around foramen magnum, same as the analytical models, is fixed to test jig. Mandible of the specimen is lifted up to 300N of occlusal force using universal testing machine (Instron, High Wycombe, United Kingdom). Specimen and UTM are connected by tensioning wire considering the locations of masseter muscle. In order to measure strain during loading, strain gauges are attached at significant locations from a dentistry perspective. The locations of the strain measurement are seen in Figure 8 . MB is buccal surface of upper second molar, MBA is buccal alveolar bone on upper second molar apex, and TZ is zygomatic process of temporal bone.
Comparison of Experimental and Analytical Results
Strains obtained from the experiment and the analysis are tabulated in Table 3 . In the experiment, strain is measured by the attached strain gauges. Considering the strain gauge length, strain from analysis is predicted by the average of strain at similar area to the measuring locations of the experiment. From the experimental results, 66.3677μmm/mm of tensile strain is measured at MB, while -28.6996 and -203.5870μmm/mm of compressive strains are found at MBA and TZ, respectively. In the analysis, tensile strain at MB is 10.6917μmm/mm, while compressive strains at MBA and TZ are -4.7568 and -31.2482μmm/mm, respectively. Strains of analytical results are approximately 6~7 times lower than those of experimental results. This is because elastic modulus applied to the analysis is about 8 times higher than that of experimental material. Difference of strains is similar to difference of elastic moduli. Therefore, it is expected that experimental results are a good agreement with analytical results. 
Conclusion
In this study, FE modeling method to simulate masticatory action is proposed. Based on CT images, skull models with occlusions for class I and end-on class II are constructed and loading and boundary conditions are applied. Considering linear material properties and geometrical effect, FE analyses are performed. In addition, the analytical results are validated with experimental results. From the analytical results, relationships between the mandibular movement and occlusal force are obtained. At early stage of mandibular movement, occlusal force of skull model with occlusion for end-on class II is lower than that of skull with occlusion for class I. However, in the average range of human occlusal force, both two models show similar tendency. Aspects of stress distributions from two skull models are different due to change of occlusal surface. Stress in the skull with occlusion for class I is evenly propagated to maxilla and mandible, while that in the skull with occlusion for end-on class II is not distributed to maxilla well. In addition, stress distribution of skull with occlusion for end-on class II is antisymmetric because of difference occlusal relationships between right and left sides. The analytical results are validated with the experimental results using replica skull specimen. It is found that both analytical and experimental results are in a good agreement. The proposed FE modeling process for masticatory simulation can help to increase the accuracy of analyses and predict to structural behaviors of skull effectively.
However, there are limitations in the experiments; First, this study handles only one skull case, a 38 year old male skull with normal occlusion, as the specimen. Secondly, experimental specimen is made of synthetic materials, and loading and boundary conditions are different from human body. Though considering the locations of masseter muscle, effects on the muscle, such as driving direction and complicated movement, are not reflected to loading conditions. In addition, skull specimen is perfectly fixed in testing machine and it is immovable. Therefore, this experimental conditions can be different from human body conditions so that further researches are needed.
